The genomes of species that are ecological specialists will likely contain signatures of 24 genomic adaptation to their niche. However, distinguishing genes related to their ecological 25 specialism from other sources of selection and more random changes is a challenge. Here 26 we describe the genome of Drosophila montana, the most extremely cold-adapted 27 Drosophila species. We describe the genome, which is similar in size and gene content to 28 most Drosophila species. We look for evidence of accelerated divergence from a previously 29 sequenced relative, and do not find strong evidence for divergent selection on coding 30 sequence variation. We use branch tests to identify genes showing accelerated divergence in 31 contrasts between cold-and warm adapted species and identify about 250 genes that show 32 differences, possibly driven by a lower synonymous substitution rate in cold-adapted 33 species. Divergent genes are involved in a variety of functions, including cuticular and 34 olfactory processes. We also re-sequenced three populations of D. montana representing its 35 ecological and geographic range. Outlier loci were more likely to be found on the X 36 chromosome and there was a greater than expected overlap between population outliers 37 and those genes implicated in cold adaptation between Drosophila species, implying some 38 continuity of selective process at these different evolutionary scales.
INTRODUCTION Genome Annotation

140
Full details of the genome annotation are given in the supplementary methods. Briefly, we 141 used the Maker2 pipeline [43] to first mask putative repeats within the genome, and then 142 used ab initio gene predictors SNAP and AUGUSTUS, and gene evidence (from proteins 143 homology and RNA-seq data) to generate gene predictions. Gene predictions from Maker2 144 were reciprocally blasted to proteins from D. virilis (r1.2) with the following cutoffs: e-value 145 < 3 x10 -13 , query cover > 60% to give reciprocal best blast hits (RBBH). Orthologs for D. were discarded from multi-species selection analyses (below).
151
Linkage map construction 152 153
For the genetic map construction, we selected 192 samples from a previous QTL study [25] , 154 which consisted of two families (four parent individuals and their F2 progeny, females only).
155
We used RAPiD Genomics facilities to develop a set of oligonucleotide probes for 13,975 156 selected regions in the largest scaffolds of the Drosophila montana genome. These probes 157 were used to capture sequence these target loci with 100bp single end reads using HiSeq corrected for multiple testing using a strict Bonferroni correction. We further filtered to 179 exclude any genes where estimates of dN, dS or ω were greater than 10.
181
We then compared mean ω values in several candidate gene sets (genes involved in immune 182 function, reproduction, and cold tolerance) against the genomic background. Genes were classified into two 'immune' classes firstly using the GO term 'immune response' from 184 FlyBase (version 6.05) and secondly using orthologs of genes identified as being involved in 
188
Finally, cold tolerance genes were classified into two classes with genes differentially 189 expressed in response to cold in D. montana and in D. virilis [31] . Parker et al. (2015) found 190 that from the differentially expressed genes, 42 were the same in both species but 550 were 191 different, allowing genes to be classified into 'cold tolerance same' and 'cold tolerance 
223
Sequencing produced 84938118 paired-end reads for Colorado and 82663801 for Oulanka.
224
Two runs for Vancouver resulted in 303365095 reads. Reads were quality trimmed (leading 225 or trailing bases with a phred score of <20, or if two consecutive bases had an average phred 226 score of <32 the read was trimmed at this point) and screened for adaptor sequence using 
270
To take advantage of the superior annotation of D. melanogaster [67], we used D.
271
melanogaster orthologs for all of the above function enrichment analyses. For the DAVID analyses the 'background' list used was the subset of D. melanogaster genes available for 273 each analysis.
275 276
RESULTS
278
Genome Sequencing and Assembly
280
The assembled D. montana genome ( Table 1) 
285
RepeatMasker identified that 14.4% of the assembly was composed of repeat elements, the 286 major classes of which were: Simple repeats (4.5%), LTR elements (4.3%), Unclassified
287
(2.9%), and LINEs (1.9%) (Supplementary Figure 2) . The total percentage of repeat elements 295 montana has five chromosomes in total). Chromosome number was assigned by blasting 296 genes assigned to the linkage groups to the D. virilis genome, which have been localised to 297 chromosomes and is largely syntenic with D. montana [28] . While the analysis showed clear 298 linkage groups, the order of markers was not totally resolved, likely due to lack of 299 recombination events among F2 progeny (Supplementary Figure 3) . The tentative scaffold 300 order and position are given in Supplementary Table 1 . Using this map we were able to 301 anchor approximately one third of the genome assembly to chromosomes. To validate our 302 linkage map we examined coverage of anchored scaffolds. X-linked regions were found to 303 have approximately half the coverage of autosomal regions, as expected since the reference 304 genome was produced from male-only samples (Supplementary Figure 4) .
306
Selection analyses 307 308
We obtained 13,683 predicted gene models with a mean coding region length of 1,461 bp.
309
RBBH identified 10898 orthologs with D. virilis. Using the FlyBase gene numbers for D. virilis 310 for these we then obtained a set of 5619 one-to-one orthologs between D. montana, D. 
314
We estimated ω (dN/dS) for each of the one-to-one orthologs between D. montana and D. 315 virilis ( Supplemental Table 20 ). No genes had a ω significantly greater than 1 after filtering 316 and multiple-test correction. Comparison of mean ω for several candidate gene sets (genes 317 involved in cold tolerance, immune function, and reproduction) found that none of the 318 candidate genes sets differed significantly from the genomic background (Fig. 2) . By ranking 319 genes by ω we identified GO terms enriched in genes with relatively high and low ω. For 320 those with high ω we identified 23 enriched GO terms (Biological Processes: Molecular Functions: Cellular Components = 10:4:9) (FDR < 0.1) ( Supplementary Table 2 ). Semantic
322
clustering of these GO terms shows that they fall into the following categories:
323
Reproduction, detection of chemical binding / olfaction, amino sugar metabolism, and chitin 324 binding (Fig. 3) . DAVID identified 9 functional group clusters ( Supplementary Table 3) 325 including 2 related to chitin production and 2 related to olfactory functions, congruent with 326 the findings from the single GO term enrichment analysis (above). In addition DAVID also 327 identified 2 clusters involved in: immune defence (C-type lectin domain carrying genes, and 328 Fibrinogen related genes), Transcription factor binding, and a cluster containing genes with 329 either a CAP (cysteine-rich secretory protein) or SCP (Sperm-coating protein) domain. We Figures 5-7) .
337
Across the 13 Drosophila species we found 250 genes that had significantly different rates of 338 evolution (ω) in cold-and non-cold-tolerant species (Fig. 1, Supplemental Table 20 ). dS was 339 on average lower for cold-tolerant species than for non-cold-tolerant species while dN was 340 very similar ( Fig. 4, Supplementary Table 5) . ω was on average greater for cold-tolerant Supplementary Table 6 ), which semantically cluster into the following 346 categories: response to drug, male courtship behaviour, olfaction, ion-channel activity, and 347 developmental processes ( Fig. 6) . Of genes with elevated ω in non-cold-tolerant species we 348 identified 50 enriched GO terms (Biological Processes: Molecular Functions: Cellular 349 Components = 34:3:13) (FDR < 0.1) ( Supplementary Table 7 ), which semantically cluster into 350 the following categories: proteasome-mediated ubiquitin-dependent protein catabolic 351 process, reproductive processes, response to fungus, animal organ morphogenesis, 352 regulation of biological and cellular processes (Fig. 6) . Moreover, DAVID identified 11 353 functional group clusters for genes with significantly higher ω in cold-tolerant species
354
( Supplementary Table 8 Figures 8-370 10). The outlier SNPs that could be placed on linkage groups were not randomly distributed 371 throughout the genome (Supplementary Figures 9-10 ) (Chi-squared = 9087.7, df = 4, p < 372 0.001). When the proportion of the total genome length of each chromosome was used to 373 calculate the expected numbers of SNPs, there was still a significant deviation (Chi-squared = 374 9541.1, df = 4, p < 0.001). There were more observed outlier SNPs on the X-chromosome 375 (5,840) than expected (1, 977) . However, these results should be taken with caution because 376 the SNP counts on each chromosome are not completely independent due to LD between 377 SNPs (Supplementary Figure 10) . In the three pairwise analyses, results were qualitatively 378 similar. The numbers of SNPs in each comparison along with the number of outlier SNPs are 379 presented in ( Supplementary Table 10 ).
381
There were fewer polymorphic SNPs between the Colorado and Vancouver populations and 382 there were also fewer outlier SNPs in this comparison ( Supplementary Table 10 ,
383
Supplementary Figure 11) . As above, the outlier SNPs are not randomly distributed 384 throughout the genome ( Fig. 7 and Supplementary Figure 12 ). There was a significant Figure 13A) .
394
To examine patterns of divergence at the gene level we considered a gene to be 395 differentiated if it contained a significantly differentiated SNP (with 1kb) (Supplemental 396 (Supplementary Figure 13B, Supplemental Table 11 ). Although this is a relatively small 400 number of genes, it is significantly greater than expected by chance (p = 0.00013). By ranking 401 genes by q-value we could identify GO terms enriched in genes with high divergence for Table 14 ). As with genes, there 407 was a significant overlap of enriched GO-terms between population comparisons (N = 22, p 408 = 1.74 x 10 -79 , Supplementary Figure 13B, Supplemental Table 15 ). Semantic clustering of 409 GO terms (Fig. 8) 
413
Intraspecific and Interspecific divergence 414 415
We examined whether genes showing significant divergence between populations were the 416 same as those showing higher rates of evolution between cold-tolerant and non-cold-417 tolerant species. We found 68 genes that had both an elevated rate of evolution between 418 species and significant divergence in at least one population comparison (Supplemental 419   Table 19 ). This is significantly greater than we would expect by chance (Fisher's exact test = 420 1.447, p = 0.0006) and implies that genes under divergent selection within species are also 421 more likely to diverge between species.
423
Discussion
425
Ecological studies with Drosophila montana have shown that it is able to thrive at high 426 latitudes due to a number of adaptations including the evolution of increased cold tolerance 427 and reproductive diapause. By sequencing the genome of this species we were able to use 428 comparative genomics to identify genes and functional processes that differ between D. 429 montana and its less cold-adapted relatives. We find evidence for selection acting on 430 neuronal, membrane-transport and ion-transport related genes at both the inter-and intra-431 specific levels. These findings likely result from selection for an ability to overwinter under 432 harsh environmental conditions, as these processes have clear links to both increased cold 433 tolerance and reproductive diapause.
435
Genome assembly and features
437
We assembled the D. montana genome using a combination of Illumina paired-end reads 438 and mate-pair reads. We annotated 13,683 genes, which is comparable to other Drosophila
Small-molecule binding
516
We observed enrichment of many small-molecule binding terms (small-molecule binding, 517 ATP-binding, kinase, nucleotide-binding, nucleotide phosphate-binding, carbohydrate 518 derivative binding, ribonucleotide binding, anion binding, etc.), both in the population and in 519 the multi-species comparisons. At low temperatures the activity levels of many reactions are 520 reduced meaning that during cold adaptation there is selection to adjust chemical reactions 521 to work better in cold environments [80] . In particular ATP-binding and associated terms 522 were enriched in most of our comparisons suggesting that adjustments to ATP-binding may 523 be particularly important for cold adaptation. This finding is supported by the fact that low 
